A bulk microphysics scheme predicting ice particle habit evolution has been implemented in the Weather Research and Forecasting Model. Large-eddy simulations are analyzed to study the effects of ice habit and number concentration on the bulk ice and liquid masses, dynamics, and lifetime of Arctic mixed-phase boundary layer clouds. The microphysical and dynamical evolution simulated using the adaptive habit scheme is compared with that assuming spherical particles with a density of bulk ice or a reduced density and with mass-dimensional parameterizations. It is found that the adaptive habit method returns an increased (decreased) ice (liquid) mass as compared to spheres and provides a more accurate simulation as compared to dendrite mass-size relations.
Introduction
The controlling drivers of mixed-phase clouds remain a topic of debate. The lifetime of these clouds is determined by the amount of liquid condensate, the sources and sinks of which continue to be scrutinized. The liquid layer is directly impacted by the availability of water vapor within a saturated environment, which is produced dynamically primarily by buoyant production of turbulent motions. This buoyancy production can be sourced by surface sensible heating, larger-scale instabilities, cloud-top longwave (LW) radiative cooling, and entrainment (e.g., Moeng 2000) . In the case of single-layered stratocumulus convection, the dominant driver of turbulence is through buoyancy production as a result of LW cooling, the magnitude of which is determined by the quantity and distribution of liquid condensate (e.g., Schubert 1976; Harrington et al. 1999; Morrison et al. 2011) . This turbulence in turn provides for a source of supersaturation, and thus liquid production or maintenance, via adiabatic cooling. Hence, a liquid layer can be self-maintaining through this cyclic process (Korolev and Field 2008; Ovchinnikov et al. 2011; Morrison et al. 2012) .
Within mixed-phased stratocumulus where liquid precipitation production is weak, the dominant sink for the liquid water path (LWP) is the coexisting ice mass. The loss of liquid can occur directly through contact and immersion freezing as well as through riming (e.g., Mitchell et al. 1990; Milbrandt and Morrison 2013) . However, in low-level mixed-phase layered clouds, the dominant sink of liquid water is through evaporation caused by ice vapor growth, or the Wegener-BergeronFindeisen (WBF) process (e.g., Pruppacher and Klett 1997) , the rate of which increases with ice number concentration, N i (Korolev and Isaac 2003; Sulia and Harrington 2011, hereafter SH11) .
A current challenge within the modeling community is the accurate representation of the observed N i as there has been a long-standing inconsistency in comparison to observed ice nuclei concentrations (e.g., Prenni et al. 2007; de Boer et al. 2010; Ervens and Feingold 2012) . Modeling studies have addressed this problem from a theoretical standpoint (Fridlind et al. 2007) . Notably, Yang et al. (2013) use a minimalist model of ice microphysics to suggest a direct scaling relationship between ice water contents and ice number concentrations that match large-eddy simulation (LES) results and observations when stochastic drop freezing is presumed to occur. Earlier observations and studies also suggest that a liquid layer forms prior to the stochastic ice production (Hobbs and Rangno 1998; de Boer et al. 2011; Westbrook and Illingworth 2011) . Regardless of the formation mechanisms, there are a number of unresolved problems after ice particles are nucleated that required attention.
Many studies have explored the effects of N i within mixed-phase Arctic clouds (e.g., Pinto 1998; Harrington and Olsson 2001; Prenni et al. 2007; Ovchinnikov et al. 2011; SH11) . Ovchinnikov et al. (2011) found an increased sensitivity of liquid to ice water mass as the N i increases as a result of changes in cloud-top LW cooling and water mass loss through ice sedimentation. They found that both the reduction in cloud-top cooling due to decreased LWC and increased latent heat release through ice deposition reduce the buoyant production of turbulent kinetic energy (TKE), weakening supersaturation-producing circulations. Hence, these studies suggest the strong dependence of cloud maintenance on ice particle concentrations and ice vapor deposition rates.
Previous studies of ice vapor deposition have been employed to expose the importance of the WBF process on layered mixed-phase clouds (e.g., Korolev and Isaac 2003; Korolev 2007) . These studies have indicated the dependency of liquid-ice phase partitioning on temperature, ice particle concentration, and updraft profile. They propose threshold vertical velocities and concentrations in which the WBF process is most effective. Additionally, the WBF effect on mixed-phase evolution has been demonstrated to depend on ice particle concentration and size and droplet concentration and size (e.g., Korolev and Mazin 2003; Korolev 2008) . These studies use a spherical ice crystal growth model that produces a lower limit for vapor growth and therefore a useful conservative estimate of the thresholds of vapor depositional growth. However, atmospheric ice particles are naturally nonspherical leading to enhanced ice vapor growth and glaciation rates relative to equivalentvolume spheres (SH11).
A computationally efficient method of estimating the effect of nonspherical particles is through the use of a reduced-density sphere. This provides a way to model the effects of both primary (planar and columnar) and secondary (sectors, dendrites, and needles) habits. For example, the reduced-density sphere is used to model a dendritic particle by using the same diameter but with a lower density. Another method to capture the nonspherical growth of ice particles is through the use of a mass-dimensional (m-D) relationship (e.g., Koenig 1971; Heymsfield and Kajikawa 1987; Walko et al. 1995; Mitchell 1996; Pruppacher and Klett 1997; Heymsfield et al. 2002; Woods et al. 2007) , which relates the mass to the maximum dimension of the particle through empirical data. These relations implicitly contain information on aspect ratio and particle density. This method allows for an enhancement in vapor depositional rates, mimicking the effect nonspherical particle growth can have on the local water budget. This method also impacts particle fall speeds, which differ for a given particle shape based on mass and drag characteristics (Mitchell and Heymsfield 2005) . Some studies have shown that m-D relationships can produce physically realistic water phase partitioning and precipitation rates for certain simulations: Thompson et al. (2008) showed that if snow m-D relations are supplemented with density information, along with better methods for parameterizing the snow size spectrum, then more accurate snowfall precipitation estimates could be realized, proving the m-D parameterizations to be an effective and efficient tool. However, for general modeling scenarios it is not clear how transitions among particle types should be quantified. Some methods (e.g., Woods et al. 2007 ) use a number of m-D relations, mixing them in an ad hoc fashion. Other methods transition from one m-D relation to another by ensuring that the mass during transition is conserved . However, it is unclear whether such approaches correspond to physical growth laws and how m-D relations should be connected to the capacitance . Moreover, Westbrook and Heymsfield (2011) and Harrington et al. (2013b, hereafter H13b) indicate the inability for these parameterizations to simultaneously capture evolution of particle mass, size, and fall speed.
The work of Chen and Lamb (1994) reveals an alternative method to distribute mass during ice particle growth, known as the adaptive habit model. Like m-D methods, vapor diffusion is computed using the capacitance model. However, the method of Chen and Lamb (1994) then distributes that mass over the a and c axes of spheroidal particles using a ''mass distribution hypothesis'' rooted in crystal growth theory. A variety of studies have detailed the nonlinear growth of ice crystals (Sheridan et al. 2009; SH11) and have indicated that allowing particle habit to change in time can be crucial in predicting the water content and hence lifetime of mixed-phase clouds (Avramov and Harrington 2010; Harrington et al. 2013a, hereafter H13a; Sulia et al. 2013, hereafter S13) . Parcel studies using the method indicate that the habit evolution during growth can be as important as increases in N i in controlling mixedphase glaciation (SH11). S13 use a bulk version of the adaptive habit method (H13a) within the two-dimensional (2D) kinematic model of Morrison and Grabowski (2007) . This work provides insight into the effect that aspect ratio evolution can have on the energy and water mass budgets of a mixed-phase system. However, the kinematic model does not link microphysical and dynamical interactions because of its fixed overturning eddies. Furthermore, nearly all prior LES models represent ice particles as spheres or employ an m-D relationship (Fridlind et al. 2007; Ovchinnikov et al. 2011) . Consequently, these growth methods are unable to capture the feedback between the capacitance and aspect ratio and subsequent rate of liquid depletion due to aspect ratio evolution.
Here, the bulk adaptive habit ice growth method described in H13a and S13 is implemented into the LES version of the Weather Research and Forecasting Model (WRF) to examine the effect of habit evolution on mixed-phase clouds for a particular case from the Department of Energy (DOE) Indirect and Semi-Direct Aerosol Campaign (ISDAC). The focus of this study is to understand aspect ratio evolution influences on liquid depletion and the subsequent cloud collapse without forcing from surface heat fluxes or larger-scale meteorological flows.
Case description
The sounding data for the simulations completed with WRF-LES in this study are from a mixed-phase stratiform Arctic cloud layer observed during flight 31 on 26 April 2008 of ISDAC (McFarquhar et al. 2011 ) over the Arctic Ocean north of Alaska. This was a single-layer cloud influenced by a high pressure system that formed over the ocean and contained a relatively weak easterly flow. Data were collected by the National Research Council Canada Convair-580 research aircraft. Initial profiles of absolute temperature (T abs ), liquid water potential temperature (Q L ), total water content (q tot ), horizontal components of the large-scale wind (u and y), and large-scale subsidence (w sub ) were idealized for Ovchinnikov et al. (2014) and are used here (Fig. 1) . Best-estimate values of microphysical parameters derived using data collected by the cloud microphysical probes from this case provide cloud-and time- This indicates mixed-phase maintenance with a relatively low ice concentration. The liquid and ice water contents were fairly horizontally homogeneous with continuous and variable ice precipitation rates. The case simulated here is part of the ISDAC LES model intercomparison study (Ovchinnikov et al. 2014) . A constant divergence of 5 3 10 26 s 21 is used for altitudes lower than 825 m and 0 s 21 at all other heights. Cloud-base temperature hovers near 2158C, and a majority of the crystals were dendrites grown dominantly through vapor diffusion with little riming, an ideal case for the bulk adaptive habit method, as described below. Additionally, the liquid cloud layer is initially decoupled from the ice-covered ocean surface, allowing the dynamical effects of liquid depletion to be studied without the complications of surface latent (LHF) or sensible heat fluxes (SHF). The general thermal structure for this case is (see Figs. 1 and 2): 1) a mixed layer from the surface to 50 m, 2) a weakly stable layer from 50 to 400 m, 3) a wellmixed layer from 400 to 810 m, and 4) an entrainment zone coinciding with the cloud-top inversion. In this study, a mixed layer is defined as being bracketed between two stable layers, and the cloud layer is defined when the liquid water mixing ratio exceeds 0.0001 g kg
21
. Also note the overflow of TKE from above the inversion at 50 m and below the mixed layer at 400 m in Fig. 2 indicating the weakness of the stable layer and the possibility of coupling with the surface.
Model description
This study is undertaken with WRF V3.1.1 (Skamarock and Klemp 2008; Yamaguchi and Feingold 2012) The microphysical scheme is that of H13a and S13 and includes prognostic vapor, cloud droplet mass, cloud ice mass, ice number, and ice axis length mixing ratios (see below). Similar to observations, N c is held constant to 200 cm 23 (see McFarquhar et al. 2011, their Fig. 6) , and so the average liquid drop size (r l ) is diagnosed. Ice is nucleated through a simplified rate specified in the intercomparison (Ovchinnikov et al. 2011 (Ovchinnikov et al. , 2014 :
where N 0 is the prescribed N i , N p is the N i predicted by the model, Dt 5 0.5 s is the time step, S i is the ice supersaturation, and q l is the liquid mass mixing ratio. Equation (1) allows for the N i to be held approximately constant, by prescribing the value of N 0 , allowing a focus on ice depositional growth only. While other nucleation mechanisms such as contact nucleation (Jackson et al. 2012) were likely active in this case, the purpose of this study is to understand cloud phase evolution due to evolving ice habits after ice formation. The values of N 0 used in this study are 1, 4, and 10 L
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. While these quantities are at the upper end or are larger than the ice numbers retrieved during flight 31, they are not entirely unrealistic for the ISDAC campaign as a whole, or the Arctic in general (A. Korolev 2014, personal communication) . Moreover, an overestimate of ice concentration will act as an ''upper limit'' of potential microphysical impacts on a cloud layer, such as depositional growth rates, providing information on the glaciation process.
The bulk adaptive habit parameterization used here has been tested against laboratory data and commonly used ice growth schemes in both Lagrangian (H13b) and kinematic-Eulerian models (S13). This method allows for the evolution of two particle axis lengths (H13b) and is essentially a bulk version of the adaptive habit method of Chen and Lamb (1994) . Rather than using a single axis length as in spherical or m-D relations, the method approximates particle shapes using spheroids with two axes (a and c). The crux of the method is the bulk mass distribution hypothesis (H13a): dc n da n 5 df n , where c n 5 r a c nN i and a n 5 r a a nN i ,
where c n and a n are the distribution characteristic lengths, c and a are the bulk mean axis length mixing ratios, n is the distribution shape parameter, f n is the particle aspect ratio (5c n /a n ), and d(T) 5 a c /a a is a ratio of the c and a growth efficiencies as a function of temperature (Chen and Lamb 1994; SH11) and is derived from laboratory data. H13a solve Eq. (2), providing an analytical way to relate c n (t 1 Dt) and a n (t 1 Dt) in time.
The axes are initialized as spheres (r i 5 920 kg m
23
) with a bulk radius of 1 mm and evolve separately as gamma distributions, as does f n [Eq. (2)], allowing for ice crystal habit evolution. If the particles evolve non spherically [i.e., d(T) 6 ¼ 1], the particles are then computed as spheroids with an evolving density as derived from Chen and Lamb [1994, their Eq. (42) ] and modified in SH11 [their Eq. (6)] for sublimation. Despite the spheroidal assumption of particle shape, the detailed bin version of the modeled axis length, mass, and fall velocity proves to compare well to a large variety of laboratory-grown particles; SH11 (their Fig. 5 ) and H13b (their Figs. 2 and 4) show the excellent comparison between the bin model and the bulk version used in this study.
All of the simulations presented below include ventilation effects on thermal and vapor diffusion. An evolving aspect ratio allows particle fall speed, and thus ventilation, to be computed consistently with the particle area and density. Secondary ice production was not observed during flight 31 (A. Korolev 2014, personal communication) and can be ruled out at the simulated temperatures (Hallett and Mossop 1974) . Furthermore, observations for this case indicate that riming and drizzle were absent and aggregation was not prevalent (Ovchinnikov et al. 2014) , and so these are ignored, but will be the topic of future work.
Results
Because the ISDAC case was composed largely of dendrites with little riming or aggregation, it provides for an ideal environment to test the consequences of habit evolution on liquid phase longevity. The method is contrasted with commonly used spherical ice growth and m-D parameterizations to make conclusions about the impact of habit growth on the cloud dynamic and water mass budgets of the cloud system. Sensitivity studies are used to physically understand what drives the dynamic spindown of a glaciating state. Because cloud-top LW cooling drives the layer, simulations are conducted in order to study how this cooling is affected by the change in liquid water path (LWP) as a result of ice growth, and to determine the situations that allow for cloud maintenance or collapse. A case in which the layer is resupplied with the water mass lost due to sedimentation is then simulated in order to examine the effect of sedimentation on mixed-phase cloud persistence.
a. Spherical ice growth
Previous work has shown that spherical particles grow more slowly and fall more quickly than nonspherical particles (Fukuta and Takahashi 1999; SH11) . Because spheres are relatively simple to model and are routinely used, the dynamic responses to spherical growth will be examined first. Moreover, doing so will provide a framework for understanding habit impacts on cloud phase evolution and dynamics that are discussed later.
The WBF process is highly dependent on N i . A higher N i results in a larger ice vapor deposition rate (e.g., Rauber and Tokay 1991) and thus increases the rate of liquid evaporation. , respectively. Consequently, a thinner liquid layer results as cloud bases rise and cloud tops sink slightly for higher ice concentrations (Fig. 3c) . Here, cloud base (top) is defined at a threshold q l of 0.0001 g kg
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. The rise in cloud base is due to the loss of water mass through ice precipitation (Fig. 3d) whereas the sinking of cloud top is due to weakening entrainment combined with the imposed w sub (Fig. 1) . These results match the general trends of those in the model intercomparison (Ovchinnikov et al. 2014) .
The consequence of increased net depositional warming due to the rising IWP with N i (Fig. 3b) is evident by the rise in the 975-. z . 400-m-layer temperature in Fig. 4a when N i 5 10 L 21 . This causes a reduction in the TKE (Fig. 4d ) through a decrease in buoyancy production within the 400-500-m layer, occurring below the cloud base of 600 m (Fig. 4f) . The loss of positive buoyancy production ( Fig. 4c) , indicating stronger decoupling of the cloud and the subcloud layer, results from the decreased cloud-top cooling and cloudbase warming rates after hour 3 (Fig. 4h) , which are both a result of the thinning liquid cloud layer. However, despite the effect of ice growth, the rate of deposition is not large enough to completely consume the LWP, which asymptotes to ;15 g m
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. Consequently, the cloud maintains itself through buoyancy production by cloud-top LW cooling. It should be noted that continuous ice precipitation will eventually starve the cloud of water, resulting in collapse unless there is an external source of moisture. Hence, the term ''maintain'' used here is meant to convey that the cloud can continue to exist for the duration of the 8-h simulation without glaciating. The larger magnitude of the LW cooling rate for N i 5 10 L 21 (Fig. 4b) would suggest a more turbulent layer;
however, Figs. 4c and 4d indicate otherwise. A larger N i leads to more overall transformation of liquid to ice and hence a larger precipitation flux out of the cloud layer (Fig. 3d ) when the IWP reaches its peak at hour 3 (Fig. 3b) . Before the effect of the WBF process becomes substantial, the rapid removal of ice through sedimentation provides for the maintenance of enough liquid to produce a strong LW cooling rate coupled with a sufficiently high cloud-base warming rate providing for thermal instability. However, unlike the N i 5 4-L 21 case, which is able to maintain a sufficient amount of liquid despite ice growth in order to maintain a deeper cloud layer (Fig. 3c) , N i 5 10 L 21 dissipates the LWP at a faster rate after hour 3, and hence thins the layer. Enough liquid is maintained to produce sufficient cloud-top cooling, but the thinning of the cloud layer over time decreases the cloud-base heating rate (see Fig. 4h ), reducing the instability, and hence buoyant production of TKE (Fig. 4f) . Furthermore, because of the larger N i , the latent heating due to deposition results in a steady heating rate of approximately 0.14 K h 21 from 3 to 8 h (not shown).
This accounts for the increase in the layer temperature ( Fig. 4a ) and begins to offset the radiative cooling toward the end of the simulation. In contrast, when N i 5 4 L 21 , the coupled cloud-top cooling and cloud-base warming results in an increasing TKE and allows for eddy penetration into the lower stable layer, coupling the cloud with the surface after hour 6. This causes a plateau in cloud-base height but increases cloud-top height, producing an uptick in cloud-top cooling ( Fig. 4g) and hence reducing the cloud-layer heating rate (Fig. 4h) .
The coupling of the cloud-driven eddies with the surface after hour 6 is evident in the buoyancy production in Fig. 4e . As the simulation approaches hour 6, the 4 L 21 case indicates turbulent eddies penetrate into the low-level stable layer (z , 400 m), slowly eroding that layer. This erosion occurs at the expense of the TKE, as is evident through the negative buoyancy production. As the lower stable layer is eroded, the TKE in the lower portion of the domain rises. Once the stable layer is consumed, mixing to the surface occurs and fluxes of moisture and thermal energy from the lower layers can be supplied to the cloud layer by the eddies. This result is apparent in Fig. 4d as the TKE rises abruptly around hour 6 at the lower concentrations. This is likely due to the loss of the stable layer itself: the circulations no longer need to do work against the stability and therefore become stronger, producing an increase in buoyant production, resulting in a maintained cloud. In contrast, while the 10-L 21 case shows a decrease in the cloud-base buoyancy production (Fig. 4f , 400-500 m), buoyancy production is less negative within the stable layer (150-400 m). This suggests that while the turbulent eddies have penetrated the stable layer and led to slight mixing, the relative strength of the eddies is weakened. The weakened eddies are a result of the subdued thermal instability provided by a decrease in the cloud-base warming in combination with the consumption of eddy energy by the stable layer. The results here indicate that a mixed-phase cloud can be maintained as long as there is a source of buoyancy production of TKE through cloud-top LW cooling and/ or cloud-base warming or moistening in order to drive the dynamics, similar to conclusions of previous studies (Harrington and Olsson 2001; Ovchinnikov et al. 2011; Morrison et al. 2011; Solomon et al. 2014 ). However, because only spherical particles have been considered, the rate and amount of liquid consumption is a minimum (SH11).
b. Adaptive habit ice growth
As explained in SH11, the depositional growth of spherical particles is weaker than that of nonspherical particles, especially when ice crystal habits become extreme. This is most prominent at habit-prone temperatures (T 5 268 and 2158C) and at liquid saturation, such as during dendritic growth. While it is well known that the WBF process is highly dependent on N i (Korolev and Isaac 2003) and particle shape (SH11), the dependency on ice particle habit evolution has yet to be explored in a dynamically coupled numerical model.
1) COMPARISON WITH SPHERES
Comparing the growth of nonspherical to spherical particles with a bulk density (r i 5 920 kg m
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) is a first step in understanding the effect habit evolution can have on the water mass and thermal budgets, as well as dynamics, of a mixed-phase cloud. The dependencies of LWP (Fig. 5a ) and IWP (Fig. 5b) on N i become much stronger when habit evolution is considered. Increased vapor diffusion rates for evolving habits cause an increase in IWP and a decrease in LWP, glaciating the cloud approximately 1.5 and 5.5 h after ice initiation (hour 2) for N i 5 10 and 4 L 21 , respectively. Glaciation does not occur within 8 h for N i 5 1 L 21 (Fig. 5a ).
The maintenance of the 1 L 21 case is a consequence of the continuous LW radiative cooling produced by the liquid (Fig. 6b) ), as does the precipitation flux out of the layer (see Fig. 5c , hours 2-3). For larger ice concentrations, the net heating due to ice vapor growth and subsequent sedimentation warms the layer at a larger rate than the spherical cases (Fig. 6a , solid vs dashed, respectively). After cloud glaciation and dissipation, the layer temperature continues to rise due to the large-scale subsidence.
Unlike the spherical and lower N i cases, the reduction in LW radiative cooling due to the diminishing LWP (Fig. 6b) combined with latent heating from vapor growth results in a net warming. This leads to a rapid decline in buoyancy production and TKE, similar to that described in Harrington et al. (1999) . Without the buoyancy production of turbulence, which in turn produces supersaturation through vertical lifting and adiabatic cooling, the growth and sedimentation of ice result in complete liquid consumption. Liquid consumption leads to a further reduction in LW cooling, and hence buoyancy production and turbulence layer over time and dissipate the cloud . The rate of liquid depletion as N i increases depends on habit evolution. For spherical particles, the decrease in LWP is relatively linear with respect to the increase in N i (Fig. 3a) . However, for nonspherical particles, this decrease is much greater for each 1 L 21 increase in N i and is due to the growth of dendritic particles. Figure 7 reveals that the bulk particle aspect ratios approach f 5 0.1 within the cloud layer where the temperature is approximately T 5 2138C: the mean a-axis bulk length exceeds the mean c-axis bulk length by almost an order of magnitude, with a similar relative difference occurring for the respective maxima and minima of the a-and c-axis bulk lengths (Figs. 7a,b) . Note that the ''minimum'' c-axis bulk length shown in Fig. 7 is calculated for when the a-axis bulk length reaches its maximum, representing the maximum occurring aspect ratio. In contrast, the calculated mean axes contain all particle lengths, including those newly nucleated, which accounts for the mean c-axis bulk length value being lower than the minimum c-axis bulk length. The minimum in the bulk f correlates with the liquid layer (600-800 m), where the saturation with respect to ice would be at its largest. This result indicates the effects of habit evolution: particles begin as spheres with an aspect ratio of unity and evolve through intermediate stages toward thin, dendritic crystals. Unlike spherical particles, which produce a quasi-steady liquid layer, for an ice concentration of 4 L 21 the cloud nearly glaciates for evolving habits (Fig. 8) . The change in LWC in the nonspherical case has clear impacts on the thermodynamic and dynamic structure of the layer. The decrease in liquid not only leads to a decrease in cloud-top radiative cooling (Harrington et al. 1999 ), but the larger depositional growth rates lead to greater rates of latent heating. Additionally, the fall velocities of nonspherical particles are lower than spheres (e.g., SH11 and H13b) and so the crystals remain in the liquid layer for a longer amount of time, continuing to grow. Hence, a net loss of water mass and a net warming of the layer occurs that cannot be offset by internally generated LW cooling, and it is hypothesized that this is when the cloud begins to spin down dynamically into a collapsing state. These findings agree with the results from Harrington and Olsson (2001) , which suggest that the effect of ice growth on LW cooling is most significant when at least 50% of the cloud water is ice, as is the case for N i 5 4 and 10 L 21 (see
Figs. 5a,b and 6b).
It should be noted that during glaciation, entrainment rates are reduced, and so large-scale subsidence, in the net, causes the mixed-layer top to sink (Fig. 7c) . Hence, ice nucleates and grows at higher temperatures (;2108C) leading to a change in the particle habit. This effect occurs only after the liquid is depleted and at negligible ice nucleation rates (i.e., q i , 0.00001 g kg
21

)
and so does not affect the earlier mixed-phase cloud evolution. The simulations above compare habit evolution to spherical particles with a bulk density of solid ice. Because most models use either reduced-density spheres or . (bottom) The time evolution of mean (solid) and maximum (dashed) a-axis (red) and c-axis (black) bulk length. The minimum c-axis bulk length shown corresponds to points where the a-axis bulk length is at a maximum.
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m-D relations, these standard approximations will considered next.
2) COMPARISON WITH REDUCED DENSITY
SPHERES
Although some studies use a density of bulk ice (e.g., Korolev and Isaac 2003; Morrison and Pinto 2006) , many models use reduced-density spheres (e.g., Ryan 2000) . The effect of employing spheres with a density of r i 5 88 kg m 23 , following the ISDAC prescription in Ovchinnikov et al. (2014) , rather than the bulk density r i 5 920 kg m 23 , produces larger ice particles, a larger growth rate, and more ice mass (Fig. 9) . Additionally, a reduced density results in a reduced particle fall speed, increasing in-cloud residence time and decreasing the precipitation flux at 400 m (Fig. 9d ) below cloud base (Fig. 9c) . The level of water mass convergence at 400 m suggests that the mass does not reach the surface, but rather the particles sediment to this convergence level and subsequently sublimate below cloud base. Because the ice mass is not lost to the surface, the vapor produced via sublimation within the first 5 h is resupplied to the cloud layer (not shown), which works to maintain both the LWP and IWP (Figs. 9a,b) . Thus, the cloud layer as a whole persists throughout the duration of the simulation because the cloud-top LW cooling remains strong enough to produce buoyant eddies, maintaining TKE at similar levels to the 920 kg m 23 spherical case (not shown; see Fig. 4 for comparison).
The ISDAC reduced-density spheres were chosen because they roughly mimic dendritic growth. However, for cloudy situations at other temperatures, the specific particle characteristics chosen for this case would not be valid. Moreover, it is an open question as to how accurately reduced-density spheres capture the simultaneous evolution of mass, area, and fall speed of real snowfall events. To remedy these kinds of issues, many models employ m-D relations, which will be examined next.
3) COMPARISON WITH MASS-DIMENSIONAL
RELATIONSHIPS
Because of the large number of coefficient pairs (i.e., a and b in m 5 aD b ) available in the literature, model studies often employ a variety of coefficients for similar growth regimes. To illustrate the sensitivity to these coefficients, an example of a mixed-phase simulation using two different sets of m-D coefficients is shown in Fig. 10 . The coefficients for plates (green) and dendrites (red) from Walko et al. (1995) are chosen.
While the hexagonal plate m-D prediction results in IWP values that hover near the adaptive habit growth method results (Fig. 10b ), the dendrite relationship shows a large maximum in IWP that is nearly 4 times higher than the plate result. Because dendritic particles grow more rapidly than hexagonal plates, the early glaciation time (Fig. 10a) is expected for the dendritic case. Moreover, although the adaptive habit model and the hexagonal plate m-D relationship achieve average IWPs near 10 g m
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, the resulting LWPs differ drastically as the m-D relationship results in more liquid, similar to the spherical case (Fig. 10a) . Additionally, unlike the adaptive habit model, the m-D relationship does not allow for the evolving density that occurs with the growth of nonspherical particles. Hence, for the same mass, the hexagonal plates fall more quickly, and so are removed from the layer before depleting the liquid (Fig. 10d) , a result similar to that of the reduced-density spheres and the hexagonal plate results shown by Avramov and Harrington (2010) .
Because the coefficients for m-D and volumedimensional parameterizations are diagnostic, changes in m-D lead to the incorrect sign change in the fall speed given a particle density (Milbrandt and Morrison 2013) . These results suggest an inconsistency in m-D and velocity-dimensional parameterizations [y 5 a y D b y , where a y and b y come from Walko et al. (1995)] 1 as also indicated by Westbrook and Heymsfield (2011) and H13b. In contrast to the dendritic m-D relation, the hexagonal plate coefficients result in a maintained cloud with a buoyancy flux and TKE that are comparable to that of spherical particles (not shown). While there are limitations associated with the adaptive habit method, such as its inability to capture irregular and complex crystals (e.g., capped columns) and growth at lower saturation states (Zhang and Harrington 2014) , the method does allow for prognostic and evolving coefficients that relate changes in particle mass to changes in major dimension. The adaptive habit method naturally evolves particles from initially isometric ice, through a stage where the particles are more ''platelike'' and then to a state where the aspect ratio is small and the particles are dendritic in nature. Hence, it is not surprising that the adaptive habit result resides in the middle of the results produced by hexagonal plates and dendrites: neither m-D method allows for habit transition, and hence one case produces slow-growing, fast-falling particles and a larger amount of liquid, whereas the other produces fast-growing, slow-falling particles and very rapid glaciation. One would expect the natural cloud system to evolve somewhere between these results, as in the adaptive habit method.
The studies above show that both N i and habit play roles in the maintenance or glaciation of mixed-phase layers. The cloud remains in a relatively steady state for N i # 1 L 21 (Ovchinnikov et al. 2011) , even when habits are simulated; it is these lower concentrations that allow for liquid maintenance. Results of habit evolution at larger N i point to two important physical processes that drive the glaciating state: 1) a bifurcation in the mixedphase layer mean temperature driven by net depositional heating and large-scale subsidence that cannot be offset by radiative cooling, and 2) water mass loss to the surface, which leads to a reduction in LWP and thus the cloud-top radiative cooling, spinning the cloud down into collapse. Sensitivity studies presented next will examine which processes dominate the dynamic spindown during glaciation. With the results presented thus far, it can be hypothesized that it is a combination of the thermal gain and water mass loss that appears to drive glaciating states.
c. Maintaining sources
The persistence of mixed-phase clouds is controlled by a constant struggle between the sources and sinks of latent and sensible heat within the layer. Figure 11 illustrates these competing factors and how they evolve in time based on their interactions with one another. The parameters in Fig. 11 are calculated within the averaging layer, or from the surface to the cloud-top inversion layer. These quantities can be visualized within Fig. 11a and are explained in Table 1 . The main sinks for the total water mixing ratio within the layer are precipitation and mixing, the latter of which is the loss due to advection (dQ adv ) with contributions from entrainment. Figure 11b shows that the primary controller of the water mass budget is the loss of water mass due to precipitation with a smaller contribution from advection. While a consequence of the water mass loss due to precipitation is the subsequent heating that occurs within the layer (Fig. 11c, dT prec ) , the effect of precipitation on the sensible heat budget is smaller compared to subsidence, advection, and LW radiation. Because the total temperature tendency (Fig. 11c, dT TOT ) is negative just before hour 6, it is concluded that the effects of cloud-top LW cooling (dT rad ) are dominant, and that this effect outweighs all other sources and sinks in the absence of larger-scale flows as long as sufficient liquid water is present. In fact, radiative cooling is often the dominant term and is the reason that the total temperature tendency of the layer is negative before hour 6. Hence, a net cooling of the layer occurs, leading to an increase in the overall saturated state of the layer. After hour 6, there is a net warming as the effect of radiative cooling begins to decrease due to a loss of liquid and a thinning cloud layer.
All results presented thus far simulate the ISDAC flight 31 case in the absence of external forcings (i.e., large-scale and surface). The observed cloud layer will deviate from that predicted given a larger latent or sensible heat source. Two situations are presented below in which the layer is provided with external sources added separately or together: 1) a persistent buoyant dynamic driver through a constant LW cooling rate and/or 2) water mass adjustments through a vapor source. Both of these sources can affect the lifetime of the layer.
1) RADIATIVE COOLING
Many previous studies have demonstrated the importance of cloud-top LW radiative cooling as a dynamic driver for stratiform cloud maintenance (Lilly 1968; Schubert 1976; Albrecht 1989; Bretherton and Wyant 1997; Stevens et al. 1998; Petters et al. 2012 ). The same is true of mixed-phase stratocumulus clouds (Harrington et al. 1999; Morrison et al. 2011; Ovchinnikov et al. 2011; Solomon et al. 2011) , and the simulations presented above reinforce this, as there is a clear connection between liquid consumption, LW FIG. 11. (a) A cartoon depicting the mixed-phase budget quantities within the ''averaging layer'' for adaptive habit as determined by dQ L /dz (example shown is calculated from the initial input profile) and calculations of the time evolution of mixed-layer averaged (b) dQ TOT (green line) due to dQ prec (black line) and dQ adv (blue line) and (c) dT TOT (blue line) due to dT prec (black line), dT rad (green line), dT sub (red line), and dT adv (orange line) for radiative cooling reduction, and subsequent cloud glaciation.
Simulations were conducted in which the net LW cooling rate was held to a constant value, regardless of the LWC, similar to the sensitivity study of Ovchinnikov et al. (2011) . The rate was held to the value at hour 2 when ice is first initiated and when the LWP is at its highest (;22 g m 22 ; see Fig. 12a ), resulting in the maximum possible cloud-averaged cooling rate (;20.085 K h 21 ; see Fig. 12d ). Note that even though the net LW cooling The water mass lost to the surface due to precipitation dQ adv
The change in water mass due to advection, implicitly including transport from resolved motion, applied large-scale subsidence, and subgrid-scale mixing dT TOT The total change in absolute temperature dT prec
The change in temperature due to precipitation dT rad
The change in temperature due to longwave radiation dT adv
The change in temperature due to advection including transport from resolved motion and subgrid-scale mixing dT sub
The change in temperature due to large-scale subsidence 4172 rate is constant, this is not the case for the cloud layer itself due to the varying liquid mass. While the growth of ice will reduce the LWP over time (Fig. 12a) , the constant cloud-top cooling acts to continually destabilize the cloud by offsetting layer warming due to depositional growth and sedimentation (Fig. 12c) . This results in a continuous buoyancy production of TKE over time (Fig. 12e) , allowing for cloud persistence by maintaining a saturated and turbulent layer (Fig. 12f) , despite the larger ice deposition and sedimentation rates (Fig. 12b) .
The constant source of cooling holds the ice deposition (liquid condensation) rate to approximately 2 3 10 25 (4 3 10
25
) g kg 21 s 21 and continually drives turbulence. This cooling also works to reduce the equilibrium vapor pressure and hence the vapor mixing ratio decreases by ;0.05 g kg 21 at cloud base and cloud top after ;5 h. Furthermore, unlike the liquid-only and low N i cases discussed previously, the buoyancy production and TKE do not increase in time with a constant radiative cooling rate. Because the latent heating due to deposition cannot be fully offset by the cloud-top cooling when ice concentrations are higher, the turbulent eddies are weaker and do not reach the lower stable layer after hour 3 and therefore are not able to penetrate the surface stability (see Fig. 13 ). This is evident as the subcloud layer buoyancy production increases slightly, but the turbulent layer never deepens. Assuming that the processes described above continue, this liquid layer would eventually dissipate because the loss of mass through ice deposition and sedimentation would outweigh the constant LW cooling effect. This can be seen within the vertical profile of buoyancy production ( Fig. 14) : note that the drop in buoyancy production between the spherical (solid purple line) and nonspherical particle (solid black line) simulations is greater than the decrease between the constant (solid orange line) and varying LW cooling (solid black line) cases. Furthermore, the buoyancy production for the constant cooling case decreases in time in contrast to the spherical case. While the constant source of LW cooling can prolong the lifetime of the cloud, it cannot produce a quasisteady liquid layer alone. Morrison et al. (2011) 14. Vertical profile of horizontally averaged buoyancy production for bulk-density spheres (purple) and nonspheres using the adaptive habit model (black). Nonspherical particles using the adaptive habit model but with a constant LW radiative cooling are also shown (orange). Results are shown after 2.8 (dotted) and 4.75 (solid) 
2) VAPOR SOURCE While radiative cooling promotes mixed-phase cloud maintenance for lower N i , large-scale convergence modifies the water mass budget, affecting layer longevity, and is required for cloud maintenance at higher ice concentrations in the case presented here. Rather than using a constant LW cooling rate to maintain the cloud, simulations were carried out in which the vapor mass mixing ratio within the liquid layer is resupplied with the ice or rain mass mixing ratios lost to the surface through sedimentation. This is done to mimic the influence of large-scale advective sources of moisture, and provides an indication of how strong large-scale moisture sources must be if mixed-phase clouds are to be maintained against precipitation-induced water mass loss. The total mass lost to the surface is determined and then added to the total vapor mixing ratio. Each grid point within the averaging layer is then supplied with an equivalent vapor mixing ratio mass (as adjusted for air density). This is done each time step. This differs from a vapor source through a surface LHF, which would implicitly contain a time lag in the vapor supply as it takes time for eddies to transport that vapor to the liquid layer. Because drizzle (although small here) can affect the water mass resupply, the vapor resupply method is employed at the start of the simulation, unlike the LW testing case in which the constant LW cooling was set to commence at hour 2.
As compared to the tests in which the LW cooling rate is held constant, Fig. 15a shows a slight increase in both the LWP and IWP at the end of the simulation. Additionally, an increase in both the liquid and ice masses is evident when ice sedimentation, and hence vapor resupply, becomes prevalent around hour 3 (Fig. 15b) . This indicates the lack of a time lag for water mass resupply: a constant LW cooling rate requires the cyclic feedbacks among turbulence, buoyancy production, and saturation production before the liquid and ice can benefit from the increased vapor supply. Here, the vapor source is supplied to the liquid layer immediately and at every time step. This vapor source works to promote a deeper cloud layer, hence maintaining the larger cooling rates (Fig. 15c) necessary to drive the in-cloud turbulence (Fig. 15d) .
It could be hypothesized that a direct vapor source from the surface or on a larger scale is another effective means of supplying the layer with the vapor mass needed for cloud persistence in addition to the dynamical source provided by LW cooling. While cloud maintenance is dependent in part on the turbulent drivers of the layer, results indicate that dynamic feedbacks with diabatic microphysical processes could be more important than the microphysical response to dynamic adjustments. This can be seen in Fig. 16 where, while the evolution of TKE and buoyancy production profiles are nearly identical for both the dynamically (constant LW cooling rate) and microphysically driven (mass resupply) sensitivities, the water mass and moisture profiles indicate that the microphysically driven case allows for greater liquid and ice mass quantities. These results suggest that resupplying the water mass through, perhaps, larger-scale meteorological flows is a more effective maintaining source than a constant LW cooling rate. In contrast to lower concentrations, when N i 5 10 L 21 , resupplying the water mass is insufficient to stave off glaciation (Fig. 17b) . Despite the larger ice mass and subsequent ice sedimentation rate (;1.5 W m 22 at z 5 400 m and 2.5 h; not shown), the preferential growth of ice and relatively large N i prohibit the necessary supersaturation required for liquid maintenance. However, the simulations with a constant LW cooling source (Fig. 17a ) reveal IWP and slight LWP maintenance. The constant LW cooling produces a lower layer temperature through the duration of the simulation, which allows for a higher saturation state therefore maintaining a thin liquid layer. Hence, in order for large-scale vapor supply to maintain the layer, an effective cooling of the layer must also occur.
Both cases of added water mass and constant LW cooling could result in eventual cloud dissipation when ice concentrations are .4 L
21
. This is evident as turbulent profiles show signs of spindown (Figs. 12f and 15d) , and turbulence cannot gain the strength needed to penetrate through the low-level stable layer ( Fig. 16 ; buoyancy production and TKE profiles). While these clouds could be maintained at lower N i or when ice growth is relatively slow, higher concentrations would require more substantial sources such as a greater magnitude of surface flux or those provided through larger-scale convergence.
Conclusions
Mixed-phase cloud lifetime has been a topic of continuing research because of its impact on the energy budget of the Arctic system (e.g., Curry et al. 1996; Kay et al. 2008) . Understanding the persistence of these clouds involves studying the many parameters that contribute to mixed-phase evolution (e.g., Larson et al. 2006; Morrison et al. 2012) . Layered stratiform clouds tend to be primarily driven through buoyancy production via cloud-top LW radiative cooling as provided by the liquid water mass Harrington FIG. 17 et Harrington and Olsson 2001; Morrison et al. 2011) . Because the mass of liquid within these clouds is highly dependent on the ice mass through the WBF process, the interactions among all three water phases is key in deciphering both microphysical and dynamical changes (Pinto 1998; Harrington et al. 1999; Korolev and Field 2008; Avramov et al. 2011; Ovchinnikov et al. 2011; Morrison et al. 2012; S13) . Not only does the ice number concentration have an indirect effect on the LWC (e.g., Jiang et al. 2000; Korolev and Isaac 2003) , but the particle shape does as well (SH11). The rate of vapor deposition onto ice particles via liquid drop evaporation is strongly enhanced as ice habit becomes extreme, as with a dendrite or needle. While m-D relationships and reduced-density spheres are able to mimic some aspects of nonspherical particle shape, they are unable to explicitly evolve particle habit in time. The bulk adaptive habit method allows for changes in two particle axes in time, which provides for relatively accurate aspect ratio evolution, capturing the first-order effect of ice shape on growth and fall velocities. The method naturally has limitations: it is presently unclear how the method should account for complex crystal types, and riming and aggregation are not included. Moreover, at lower saturations, the inherent growth ratio likely varies and growth becomes kinetically limited (Zhang and Harrington 2014) , processes that are not included in Chen and Lamb (1994) . The results from this study provide an outline of the driving processes for mixed-phase cloud persistence. While specific to the initial conditions presented in this study, Fig. 18 provides a general, hypothesized schematic of mixed-phase maintenance versus glaciation based on the ideas presented here. The persistent of the mixed-phase state is highly dependent on both the concentration and habit of ice particles, especially at ice concentrations . 1 L 21 . Stable situations are defined as those that can be maintained within the 8-h simulation. These contain both self-maintaining cases, which comprise spherical ice particles and/or low ice concentrations (Fig. 18, top row) , and cases in which a latent and/or sensible heat source is needed for cloud maintenance at higher ice concentrations (middle row). The spherical results may be relevant to cases with isometric, perhaps irregular, or even lightly rimed ice when aspect ratios are close to unity. These results suggest that clouds composed of such ice may be more stable than clouds composed of habits with extreme aspect ratios. For an evolving particle habit, it is found that the clouds are only self-maintaining when ice concentrations are #1 L 21 (when the liquid concentration is set to 200 cm 23 ), otherwise an external source of latent and/or sensible heat is required for maintenance. At intermediate concentrations (1-4 L 21 ) both mass resupply and thermal cooling can maintain the layer despite the production of ice. Sensitivity studies indicate that a source of water mass is a more effective means of cloud maintenance that a source of layer cooling. However, at the largest concentrations (10 L 21 ) cooling is always required to maintain the layer: resupplying mass leads to more growth and heating, which effectively drives down the saturated state by increasing the equilibrium vapor pressure. It is concluded that in cases of dynamic decay or heavy precipitation, it is the two processes of moisture supply and LW cooling that must balance one another and work in tandem to produce a particular cloud response. However, further work is needed to more effectively parse out these processes and determine their individual effects on the system as a whole.
